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We study high-energy neutrino production in collimated jets inside progenitors of gamma-ray
bursts (GRBs) and supernovae, considering both collimation and internal shocks. We obtain simple,
useful constraints, using the often overlooked point that shock acceleration of particles is ineffective
at radiation-mediated shocks. Classical GRBs may be too powerful to produce high-energy neutrinos
inside stars, which is consistent with IceCube nondetections. We find that ultralong GRBs avoid
such constraints and detecting the TeV signal will support giant progenitors. Predictions for low-
power GRB classes including low-luminosity GRBs can be consistent with the astrophysical neutrino
background that IceCube may detect, with a spectral steepening around PeV. The models can be
tested with future GRB monitors.
PACS numbers: 95.85.Ry, 97.60.Bw, 98.70.Rz
Long gamma-ray bursts (GRBs) are believed to origi-
nate from relativistic jets launched at the death of mas-
sive stars. Associations with core-collapse supernovae
(CCSNe) have provided strong evidence for the GRB-
CCSN relationship [1]. But, there remain many impor-
tant questions. What makes the GRB-CCSN connec-
tion? How universal is it? What is the central engine
and progenitor of GRBs? How are jets launched and ac-
celerated? Observationally, it is not easy to probe physics
inside a star with photons until the jet breaks out and the
photons leave the system. This is always the case if the
jet is “chocked” rather than “successful” [2]; that is, the
jet stalls inside the star, where the electromagnetic signal
is unobservable. Such failed GRBs may be much more
common than GRBs (whose true rate is ∼ 10−3 of that
of all CCSNe), and CCSNe driven by mildly relativistic
jets may make up a few present of all CCSNe [3–5].
Recent observations suggest interesting diversity in
the GRB population. “Low-power GRBs” such as low-
luminosity (LL) GRBs [3, 6, 7] and ultralong (UL)
GRBs [8, 9] have longer durations (∼ 103–104 s) com-
pared to that of classical long GRBs, suggesting different
GRB classes and larger progenitors. While they were
largely missed in previous observations, they are impor-
tant for the total energy budget and the GRB-CCSN
connection.
Neutrinos and gravitational waves (GWs) can present
special opportunities to address the above issues. In par-
ticular, IceCube is powerful enough to see high-energy
(HE) neutrinos at & 1 TeV [10] and has reported the
first detections of cosmic PeV neutrinos [11]. Efficient HE
neutrino production inside a star has been proposed as-
suming shock acceleration of cosmic rays (CRs) [12–14],
and investigated by a lot of authors, since their detection
allows us to study the GRB-CCSN connection [13, 15],
joint searches with GWs [16], neutrino mixing including
the matter effect [17], the nature of GRB progenitors [18]
and so on. However, IceCube has not detected neutrinos
from GRBs, putting limits on this scenario as well as
the classical prompt emission scenario [19, 20]. It also
constrains orphan neutrinos from a CCSN [21].
In this work, we consider HE neutrino production in
a collimated jet inside a star. Recent developments have
revealed that the jet is collimated inside stars rather than
ballistic, and becomes slow and cylindrical [22], where the
collimation shock as well as internal shocks occur. We
show that nondetections by IceCube are consistent with
theoretical expectations, and more favorable conditions
for neutrinos are satisfied in lower-power GRBs such as
UL GRBs. The CR acceleration simply assumed in many
studies [15–18] may not be effective in CCSNe and classi-
cal GRBs since radiation smoothens the shock structure.
Also, the low-power GRBs could significantly contribute
to the extragalactic neutrino background (ENB), which
consists of the sum of contributions from sources at var-
ious redshifts and may have been seen by IceCube [11].
Throughout this work, we use Qx = Q/10
x in CGS unit
with cosmological parameters ofH0 = 71 km s
−1 Mpc−1,
Ωm = 0.3, and ΩΛ = 0.7.
Jet propagation in a star.— To make a GRB, a jet
must penetrate the progenitor successfully. The jet dy-
namics is governed by the jet head, cocoon and collima-
tion [22]. The jet is decelerated by a reverse shock while
a forward shock is formed in the stellar envelope. The jet
head, which is the shocked region between the two shocks,
is controlled by the ram pressure balance between the
reverse-shocked jet and forward-shocked envelope [2, 23].
This shocked region is so hot to expand sideways to form
a cocoon. For a given initial opening angle θj , if the abso-
lute jet luminosity Lj0 is low enough and/or the ambient
density ̺a is high enough, the hydrodynamic jet is colli-
mated by the cocoon pressure via collimation shocks (see
Fig. 1). At time t, the (collimation-)shocked jet becomes
cylindrical through the collimation shock at [22]
rcs ≈ 4.1× 109 cm t2/5L3/10j0,52(θj/0.2)−1/5̺−3/10a,4 , (1)
beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with Γcj ≈ θ−1j ) because of the flux
2FIG. 1: The schematic picture of a collimated GRB jet inside
a progenitor. CR acceleration and HE neutrino production
may happen at collimation and internal shocks. The picture
of the radiation-mediated shock is also shown.
conservation. The subsequent jet head position rh is
rh ≈ 8.0× 109 cm t3/5L1/5j0,52(θj/0.2)−4/5̺−1/5a,4 . (2)
Even if the jet achieves Γ ≫ Γcj in the star, Γcj ≈
5(θj/0.2)
−1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rh(tbo) = R∗, where R∗ is the progenitor radius.
The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet
(WR) stars with R∗ ∼ 0.6–3R⊙ [24]. Let us approximate
the density profile to be ̺a = (3−α)M∗(r/R∗)−α/(4πR3∗)
(α ∼ 1.5–3), where M∗ is the progenitor mass [25].
Then, taking α = 2.5, we obtain rcs ≈ 1.6 ×
109 cm t
8/5
1 L
6/5
0,52(θj/0.2)
8/5
(M∗/20 M⊙)
−6/5
R
3/5
∗,11 and
rh ≈ 5.4×1010 cm t6/51 L2/50,52(θj/0.2)−4/5(M∗/20 M⊙)−2/5
R
1/5
∗,11 [22], where L0 = 4L0j/θ
2
j is the isotropic
total jet luminosity. The GRB jet is successful if
tbo ≈ 17 s L−1/30,52 (θj/0.2)2/3(M∗/20 M⊙)1/3R2/3∗,11 is
shorter than the jet duration tdur. With tdur ∼ 30 s, we
typically expect rcs ∼ 1010 cm for classical GRBs [26].
The comoving proton density in the collimated jet
is ncj ≈ L0/(4πr2csΓcjηmpc3) = L/(4πr2csΓcjΓmpc3) ≃
3.5×1020 cm−3 L52r−2cs,10Γ−12 (5/Γcj). Here, L = (Γ/η)L0,
L is the isotropic kinetic luminosity, and η is the maxi-
mum Lorentz factor. The density in the precollimated
jet at the collimation or internal shock radius rs is
nj ≈ L/(4πr2sΓ2mpc3) ≃ 1.8 × 1019 cm−3 L52r−2s,10Γ−22 ,
which is lower than ncj due to Γ≫ Γcj. This quantity is
relevant in discussions below. Note that inhomogeneities
in the jet lead to internal shocks, where the Lorentz fac-
tor can be higher (Γr) and lower (Γs) than Γ ≈
√
ΓrΓs.
Radiation constraints.— Efficient CR acceleration at
internal shocks and the jet head has been suggested,
since plasma time scales are typically shorter than any
elastic or inelastic collision time scale [12–14]. How-
ever, in the context of HE neutrinos from GRBs, it has
often been overlooked that shocks deep inside a star
may be radiation mediated [27]. At such shocks, pho-
tons produced in the downstream diffuse into the up-
stream and interact with electrons (plus pairs). Then
the upstream proton flow should be decelerated by pho-
tons via coupling between thermal electrons and pro-
tons [28]. As a result (see Fig. 1), one no longer ex-
pects a strong shock jump (although a weak subshock
may exist [29]), unlike the usual collisionless shock, and
the shock width is determined by the deceleration scale
ldec ≈ (nuσT y±)−1 ≃ 1.5 × 105 cm n−1u,19y−1± when the
comoving size of the upstream flow lu is longer than ldec.
Here nu is the upstream proton density, and y±(≥ 1) is
the possible effect of pairs entrained or produced by the
shock [30].
In the conventional shock acceleration, CRs are in-
jected at quasithermal energies [31]. The Larmor ra-
dius of CRs with ∼ Γ2relmpc2 is ruL ∼ Γ2relmpc2/(eB) ≃
3.8 × 10−3 cm ǫ−1/2B L−1/20,52 rs,10Γ2Γ2rel, where B is the
magnetic field, Γrel is the relative Lorentz factor and
ǫB ≡ LB/L0 [32]. If the velocity jump of the flow is small
over ruL, the CR acceleration is inefficient. For ldec ≪ lu,
since significant deceleration occurs over ∼ ldec, includ-
ing the immediate upstream [28, 29], CRs with ruL ≪ ldec
do not feel the strong compression and the shock accel-
eration will be suppressed [27, 33, 34]. CRs are expected
when photons readily escape from the system and the
shock becomes radiation unmediated, which occurs when
lu . ldec [30, 36]. Regarding this as a reasonably neces-
sary condition for the CR acceleration, we have
τuT = nuσT lu . min[1, 0.1C
−1Γrel], (3)
where C = 1 + 2 lnΓ2rel is the possible effect by pair pro-
duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is un-
certain, τuT . 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the ra-
diation constraint for the CR acceleration is
L52rcs,10Γ
−3
2 . 5.7× 10−4 min[1, 0.01C−11 Γrel], (4)
where nu = nj , lu ≈ rcs/Γ, and Γrel ≈ (Γ/Γcj +Γcj/Γ)/2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet
head and internal shocks in the collimated jet are less
favorable for the CR acceleration than the collimation
shock since ncj ≫ nj and Γcj ≪ Γ.
We can also apply Eq. (3) to internal shocks in the
precollimated jet, which have been considered in the
literature [12, 13]. Internal shocks may occur above
ris ≈ 2Γ2scδt ≃ 3.0× 1010 cm Γ2s,1.5δt−3, and the relative
Lorentz factor between the rapid and merged shells is
Γrel ≈ (Γr/Γ+Γ/Γr)/2, which may lead to the upstream
density in the rapid shell ∼ nj/Γrel. Using lu ≈ ris/Γr ∼
l/Γrel, we get τT = njσT l . min[Γ
2
rel, 0.1C
−1Γ3rel] or
L52ris,10Γ
−3
2 . 5.7× 10−3 min[Γ2rel,0.5, 0.32C−11 Γ3rel,0.5].
(5)
As shown in Fig. 3, unless Γ & 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris . rcs ∼ 1010 cm). Note
that although the constraint is relevant for shocks deep
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FIG. 2: Lower limits on Γ for given L, above which CRs
and HE neutrinos can be expected from the collimation shock
(without mediation by radiation) at rcs. Thick (thin) curves
represent cases without (with) the possible pair effect with
the approximation of C ≃ 10. Typical parameters of classical
GRBs and UL GRBs are depicted.
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FIG. 3: The same as Fig. 2, but for the internal shock (with
Γrel = 3) at ris. The IceCube upper limit on the slow-jet
model for SN 2008D [21] is also shown for tdur = 100 s.
inside the stars we here consider, CRs may be expected
around the photosphere τT ∼ 1–10 [38], as assumed in
the dissipative photosphere scenario [39].
The radiation constraint is useful for the slow-jet model
in which CCSNe are driven by mildly relativistic jets with
Γ ∼ 2–10 [13]. Interestingly, it is complementary to ob-
servations. IceCube placed upper limits on Γ for given
Ej = 2Ljtdur model dependently [21], and its upper limit
is shown in Fig. 3 after converting Ej to L. We may ex-
pect HE neutrinos from sufficiently low-power jets with
L . 1045.5–1047 erg s−1 for WR-like progenitors.
Ultralong GRBs.— As seen above, efficient CR accel-
eration may not occur in high-power jets inside WR-like
progenitors. However, the situation is different for less-
power GRBs such as UL GRBs [8, 9] and LL GRBs [3].
In particular, UL GRBs are as energetic and possibly
common as classical GRBs [8]. Their lower-luminosity
Lγ ∼ 1049–1050 erg s−1 and longer duration tdur ∼ 104 s
suggest bigger progenitors like blue supergiants (BSGs)
with R∗ ∼ 1012–1013 cm [9, 40].
Assuming a stellar envelope with ̺a(r) =
102 g cm−3 ̺BSG r
−2
10 [41], with Eqs. (1) and (2),
we obtain rcs ≃ 1.4 × 1011 cm t4L3/40,49.5(θj/0.2)̺−3/4BSG ,
rh ≃ 1.0 × 1013 cm t4L1/30,49.5(θj/0.2)−2/3̺−1/3BSG , and
tbo ≃ 9800 s L−1/30,49.5(θj/0.2)2/3̺1/3BSGR∗,13 (comparable to
tdur). We may typically expect the collimation shock at
rcs ∼ 1011.5 cm.
Interestingly, thanks to lower powers and larger shock
radii, the Thomson optical depth is low even in a star
(τT ≈ 0.12 L49.5r−1s,11.5Γ−32 ), allowing the CR acceleration
and HE neutrino production, as indicated in Figs. 2 and
3. The jet may be sufficiently accelerated by rcs [42],
while should slow down to Γcj after the collimation.
Once CRs are accelerated inside a star, the CR power is
lost to meson production via the pγ reaction with target
photons or the pp reaction with target nucleons, lead-
ing to precursor or orphan neutrinos. We consider two
possibilities: HE neutrinos from CRs accelerated at the
collimation shock (CS) and HE neutrinos from CRs ac-
celerated at the internal shock in the precollimated jet
(IS).
In the CS scenario, CRs are conveyed in the collimated
jet with Γcj and completely depleted during the advec-
tion for Radv/c ≈ min[R∗, rh(tdur)]/c. Using the photon
temperature kTcj ≈ 0.70 keV L1/40,49.5r−1/2cs,11.5(Γcj/5)−1/2
in the collimated jet and σˆpγ ≈ 0.58 × 10−28 cm2, we
obtain the high pγ efficiency f cjpγ ≈ ncjγ σˆpγ(Radv/Γcj) ≃
1.2 × 106 L3/40,49.5r−3/2cs,11.5(Γcj/5)−5/2Radv,13 ≫ 1. The pp
efficiency is also high since f cjpp ≈ ncjσˆpp(Radv/Γcj) ≃
56 L49.5r
−2
cs,11.5Γ
−1
2 (Γcj/5)
−2Radv,13 ≫ 1. CRs are de-
pleted essentially in the entire energy range, so the sys-
tem is “calorimetric” and HE neutrinos are unavoid-
able. Since the formation of collimation shocks is also
quite common for relativistic jets inside stars, HE neu-
trinos from UL GRBs can be used as signatures of
jets in big progenitors. Note that due to copious tar-
get photons, the maximum energy in the acceleration
zone εMp is limited by the pγ reaction. By comparing
the acceleration time tacc ≈ εp/(eBc) to the pγ cool-
ing time tpγ ≈ 1/(ncjγ σˆpγc), we obtain εMp ≃ 1.5 ×
106 GeV B6.5L
−3/4
0,49.5r
3/2
cs,11.5(Γcj/5)
3/2.
In the IS scenario, during the dynamical time, CRs
mainly interact with photons escaping back from the
collimated jet. Using the photon density njγ ≈
(Γ/2Γcj)(fescn
cj
γ ) [where fesc ∼ (ncjσT rcs/Γcj)−1 is the
escape fraction], which is boosted by Γrel ∼ Γ/2Γcj,
we have f jpγ ≈ (Γ/2Γcj)(fescncjγ )σˆpγ(ris/Γ) ≫ 1, so HE
CRs with f jpγ & 1 are depleted as in the CS scenario.
One has f jpγ ∼ 1 near the typical pγ threshold energy,
εthp ≃ 1.7× 103 GeV L−1/40,49.5r1/2cs,11.5Γ−12 (Γcj/5)3/2. On the
other hand, since nj is small, the pp efficiency is too low
to be relevant. As in the CS scenario, εMp is limited by
the pγ process, leading to εMp ≈ eB/(njγ σˆpγ).
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FIG. 4: The cumulative neutrino backgrounds from UL GRBs
and LL GRBs. For UL GRBs, we use rs = 10
11.5 cm, Γcj = 5,
kTcj ≃ 0.70 keV, Γ = 100 and L = 10
49 erg s−1. The CR en-
ergy generation rate is set to ξaccE
iso
γ ρ = 10
53 erg Gpc−3 yr−1,
with fcho = 1 (thick) and fcho = 10 (thin). For compar-
ison, predictions for prompt emission from LL GRBs (with
ρ = 500 Gpc−3 yr−1 and ξacc = 10) are taken from Ref. [6]
for Γ = 10 (thick) and Γ = 5 (thin). For redshift evolu-
tion, the GRB3 model is assumed [44]. The atmospheric
background [47] is also shown. Note that IceCube suggests
E2νΦν ∼ a few× 10
−8 GeV cm−2 s−1 sr−1 [11], which is com-
patible with the original Waxman-Bahcall bound [45].
We calculate neutrino spectra, using the numerical
code developed in Refs. [6, 38, 44], where pγ/pp reac-
tions and relevant cooling processes are considered in de-
tail. Note that we consistently evaluate εMp by compar-
ing tacc with all relevant competing time scales. We get
εMp ∼ 106.3 GeV and εMp ∼ 106.1 GeV in the CS and IS
scenarios, respectively. Then, we calculate depletion of
CRs and neutrino spectra, assuming a CR spectrum of
ε−2p e
−εp/ε
M
p . The parameters are shown in Fig. 4. We
assume ǫB = 1 in the IS scenario, while L
cj
B = 10
−2L0 in
the CS scenario since the collimated jet is radiation dom-
inated and its magnetic luminosity would be smaller than
the kinetic luminosity, but key results are not sensitive
when the meson synchrotron cooling is subdominant (cf.
Ref. [13]).
The expected number of neutrino events from a burst
at z = 0.1 is at most ∼ 1, so aggregating many bursts
is important. Alhough it is hard for current satellites
to find many low-power GRBs, we can in principle test
the scenarios by stacking neutrino signals from & 100 UL
GRBs at z ∼ 1, which are detectable by all-sky monitors
with sensitivities better than Swift.
To demonstrate their neutrino spectra and contribu-
tions, we numerically calculate the total ENB [44], which
is consistent with the following analytical formula [6, 45]:
E2νΦν ∼
c
4πH0
3
8
fsupmin[1, fpγ ]E
2
p
dN isop
dEp
ρfzfcho (6)
∼ 4× 10−8 GeV cm−2 s−1 sr−1 (fchoξacc/10)fsup
× min[1, fpγ ](E isoγ ρ/1053 erg Gpc−3 yr−1)(fz/3),
where fz is the evolution factor [45], fsup is the suppres-
sion factor due to the meson and muon cooling [38], ξacc
is the CR loading parameter [6], and fcho is the fraction
of failed GRBs compared to successful GRBs. Here, ρ is
the local rate that is ∼ 1 Gpc−3 yr−1 for GRBs and UL
GRBs [8] (but see Ref. [9]) while ∼ 102–103 Gpc−3 yr−1
for LL GRBs [3].
Results are shown in Fig. 4, where we see that the
ENB flux from successful UL GRB jets inside stars may
be ∼ 10−9 GeV cm−2 s−1 sr−1. If failed UL GRBs are
& 10 times more common, ∼ 10−8 GeV cm−2 s−1 sr−1
may even be achieved. Although the uncertainty in ρ is
large, contributions from LL GRBs [6, 7, 30] and/or failed
UL GRBs can be compatible to the ENB that IceCube
may start to observe [11]. The spectral steepening is also
expected. In particular, in the IS scenario, the meson
radiative cooling or the cutoff from the proton maximum
energy can lead to a break around PeV. In addition, for
choked jets in BSGs, the cutoff at & 1 PeV is possible due
to neutrino absorption in the envelope if rh & 5×1012 cm.
In the CS scenario, strong meson cooling leads to a break
at . 10 TeV, so we mainly expect multi-TeV neutrinos.
Summary and discussion.— We derived general con-
straints on HE neutrino production in GRB jets inside
stars, based on the point that the shock acceleration is in-
efficient at radiation-mediated shocks. They are comple-
mentary to observational upper limits, and current non-
detections of precursor (orphan) neutrinos from GRBs
(CCSNe) are consistent with theoretical expectations.
Our work is encouraging and useful for the literature
on the GRB-CCSN connection [15], joint searches with
GWs [16], and neutrino mixing [17].
We showed that more favorable conditions for HE neu-
trino production are satisfied in low-power GRBs such as
UL GRBs especially if they originate from bigger pro-
genitors like BSGs. The formation of collimation shocks
is naturally expected, so TeV neutrinos are useful as a
smoking gun of jet physics that cannot be probed with
photons, and will also support the idea of BSG-like pro-
genitors. We stress the importance of stacking such less
luminous transients with next-generation all-sky moni-
tors like SVOM, Lobster, WF-MAXI and HiZ-Gundam.
Internal shocks in a precollimated jet could extend the
ENB to PeV energies, which may give an important con-
tribution if failed UL GRBs are & 10 times more com-
mon. Note that the neutrino production site considered
in this work is different from the prompt emission site.
Since low-power GRBs may be largely missed, even if
their successful jets give ∼ 10−9 GeV cm−2 s−1 sr−1,
the results may not contradict with nondetections of
“prompt” neutrinos from classical GRBs, which placed
. 10−9 GeV cm−2 s−1 sr−1 [19]. LL GRBs can give ∼
10−8 GeV cm−2 s−1 sr−1, as predicted in Refs. [6, 7, 30].
They are distinct from classical GRBs and they may be
more baryon rich [46]. Since the uncertainty in ρ is large,
revealing these transients, which have been largely missed
so far, is important to test the models.
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